A layerwise-differential quadrature method (LW-DQM) is developed for the vibration analysis of a stiffened laminated conical shell. The circumferential stiffeners (rings) and meridional stiffeners (stringers) are treated as discrete elements. The motion equations are derived by applying the Hamilton's principle. In order to accurately account for the thickness effects and the displacement field of stiffeners, the layerwise theory is used to discretize the equations of motion and the related boundary conditions through the thickness. Then, the equations of motion as well as the boundary condition equations are transformed into a set of algebraic equations applying the DQM in the meridional direction. The advantage of the proposed model is its applicability to thin and thick unstiffened and stiffened shells with arbitrary boundary conditions. In addition, the axial load and external pressure is applied to the shell as a ratio of the global buckling load and pressure. This study demonstrates the accuracy, stability, and the fast rate of convergence of the present method, for the buckling and vibration analyses of stiffened conical shells. The presented results are compared with those of other shell theories and a special case where the angle of conical shell approaches zero, i.e. a cylindrical shell, and excellent agreements are achieved.
INTRODUCTION
Stiffened conical shells are increasingly being used in a variety of aerospace, aeronautical, naval and civil structures including launch vehicles, the space-shuttle solid rocket booster, and submarines because of their strength to weight ratio. Hence, it is of a great importance to understand the mechanical behaviour of stiffened conical shells for the design of aforementioned structures. The primary concerns are the global buckling load, vibration and the effect of the axial load, and pressure on natural frequency. Most of the previous studies on stability and vibration of shells have focused on stiffened cylindrical shells and unstiffened conical shell based on classical laminated shell theory (CLT).
The buckling of simply supported cylindrical shells under hydrostatic pressure was analysed by Baruch and Singer, and the properties of the stiffeners were averaged over the shell surface by the smearing method. 1 A discrete-ring theory for stiffened isotropic cylinders with neglecting pre-buckling deformations is developed by Hedgepeth and Hall. 2 Further analysis of the buckling loads of composite cylindrical shells with axial and circumferential stiffeners can be found in a later work by Reddy and Starnes using a layerwise shell theory and smearing out method. 3 Patel et al. concentrated on the static and dynamic instability characteristics of different stiffened shell panel types such as flat plate, cylindrical shell panel, spherical shell panel, and hyperbolic hyperboloid shell. 4 Jiang et al. used the differential quadrature element method for the first time to obtain buckling loads of stiffened, circular, cylindrical panels subjected to uniform distributed axial compression. 5 Seide recommended a formula for buckling of isotropic conical shells which is independent of boundary conditions and best fits the behaviour of long shells. 6 An experimental investigation of the effect of the cone semi-vertex angle on the buck-ling load of a conical shell under axial compression was carried out by Arbocz. 7 Tong et al. presented a simple and exact procedure using Donnell-type shell theory for linear buckling analysis of orthotropic conical shells under axial compressive loads and external pressure. 8 Tong and Wang obtained eight first-order differential equations for linear buckling analysis of laminated conical shells, with orthotropic stretching-bending, coupling, under axial compressive load. 9 Wu and Chen developed asymptotic solutions for buckling analysis of multilayered anisotropic conical shells under axial compression on the basis of 3D elasticity. 10 Sofiyev and Schnack studied the buckling of cross-ply laminated, orthotropic, truncated, circular conical thin shells with variable Young's moduli and densities in the thickness direction, subjected to a uniform external pressure which is a power function of time. 11 Recently, Shadmehri et al. proposed a semi-analytical approach to obtain the linear buckling response of conical composite shells under axial compression load based on first order shear deformation shell theory. 12 Also, a generalized beam theory (GBT) formulation is developed to analyse the elastic buckling behaviour of isotropic conical shells with constant thickness under axial compression by Nedelcu. 13 More recently, the first-order shear deformation shell theory is employed to investigate buckling of heterogeneous and non-homogeneous orthotropic conical shells subjected to combined load. 14, 15 In addition, few studies have been published targeting the buckling behaviour of stiffened conical composite shells. They include the works by Spagnoli and Chryssanthopoulos on the buckling and postbuckling elastic behaviour of stringer stiffened conical panels using a finite element model and an equivalent cylinder approach. 16, 17 Moreover, Spagnoli studied the different modes of instability in stringer-stiffened cones under axial compression through finite element. 18 
